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We studied the influence of an error-prone isoacceptor (tRNA~u), as well as an intermediate ( RNAtf,) and a weak 
(tRNA TM) competitor ftRNA Phe on the poly(Phe) synthesis rate. Even at very high excess concentrations f these non- 
cognate t rnary complexes there was no significant effect on the translation rate. Our result argues against the assertion 
that in vivo translation is slowed own by noncognate tRNA and favours the hypothesis that he incorrect ternary com- 
plex concentrations aretoo low to saturate he ribosomes in vivo. 
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1. INTRODUCTION 
It has long been the view that because of its large 
mass the translation apparatus should operate 
close to its maximum rate [1,2]. Indeed, the semi- 
empirical calculations of Gouy and Grantham [3] 
seem to support his conjecture. In their model the 
time for tRNA association is an order of 
magnitude shorter than the time for a whole 
elongation cycle. It could be argued that given the 
large excess of noncognate tRNA species at each 
codon, the ribosome might spend more time sor- 
ting out the noncognate tRNA species than pro- 
cessing the cognate ones [3]. If this were the case, 
we might expect he ribosome to be saturated by 
noncognate tRNA species [4-6]. 
Our work on the optimal design of the transla- 
tion apparatus uggests that it is only when cells 
grow at the very fastest rates that ribosomes should 
operate near their maximum rates [7]. Thus, we 
expect ribosomes to function in vivo under most 
growth conditions at rates that are determined by 
the concentrations of cognate ternary complexes 
and the kinetic efficiency of their interactions with 
codon-programmed ribosomes. This design 
Correspondence address: N. Bilgin, Dept of Molecular Biology, 
Uppsala University, The Biomedical Center, Box 590, S-751 24 
Uppsala, Sweden 
strategy seems to be reflected in the growth 
characteristics of both wild type and mutant 
bacteria with altered translational accuracy 
phenotypes [8]. Here, we wish to explore the 
possibility of a related design strategy that is 
associated with the accuracy of ribosome function. 
It is clear to the extent that noncognate tRNA 
species occupy the ribosome and block access of 
cognate tRNA species to the ribosome. In other 
words, noncognate tRNA species can function as 
competitive inhibitors of cognate translation, ow- 
ing to the extent that they bind to the ribosome. 
The question we pose here is whether the time for 
sorting noncognate tRNA species on the codon- 
programmed ribosome can be made sufficiently 
short that this inhibitory effect is reduced to in- 
significance. Our data suggest that noncognate 
tRNA species have a van]shingly small inhibitory 
effect on cognate translation in vitro. We conclude 
that the evolutionary options for the translation 
apparatus include a strategy for minimizing the in- 
fluence of noncognate tRNA species on the 
kinetics of cognate translation. 
2. MATERIALS AND METHODS 
2.1. Chemicals 
3H- and ~4C-labelled phenylalanine, l uCine and valine were 
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obtained from Amersham (Buckinghamshire). Non-labelled 
amino acids, phosphoenolpyruvate, GTP, nutrescine, sper- 
midine, myokinase (EC 2.7.4.3), pyruvate kinase (EC 2.7.3.40) 
were purchased from Sigma (St. Louis). Poly(U) and ATP were 
obtained from Pharmacia (Uppsala). 
2.2. Purifications and preparations 
E. coil MRE-000 cells for enzyme and tRNA preparations 
and 017 cells [9] for ribosome preparations were grown under 
good aeration at 37°C in TY2 medium supplemented with 0.2°70 
glucose. All ceils were harvested atthe late exponential phase by 
centrifugation. 017 cells were in addition washed with polymix 
buffer [10]. Cells were stored at -80°C prior to use. 
Ribosomes were purified as in [11]. EF-G was purified as in 
[12], EF-Tu as in [13,14], EF-Ts as in [15]. Phe-tRNA syn- 
thetase, Leu-tRNA synthetase [14] and Val-tRNA synthetase 
[16] were prepared as described before. One unit of tRNA syn- 
thetase is defined as the amount hat aminoacylates l pmol of 
tRNA per second under the conditions of the assay, tRNA 
(bulk) was purified on DEAE-cellulose (Whatman DE-52) ac- 
cording to [17]. tRNA Phe, tRNA TM, tRNA~ ~" and tRNA TM 
were partially purified on BD cellulose (Boehringer) according 
to [18]. tRNA[ eu or tRNA~ eu were further purified on 
Sepharose 4B (Pharmacia) according to [19] and tRNA TM on 
DEAE-Sephadex A-50 (Pharmacia) according to [20]. 3H- and 
14C-labelled N-acetyl-Phe-tRNA abe was prepared as described 
earlier [14]. All components were dialyzed against polymix and 
stored at - 80°C, except tRNA synthetases, which were kept at 
-20°C in polymix containing 50°70 glycerol. 
2.3. Assays 
A poly(U) directed poly(Phe) synthesizing system optimized 
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Fig. 1. (A) Rate of Leu incorporation (v*) in the absence of the Phe ternary complex as a function of tRNA Le" (:, ;) or tRNA~ e" 
(o-----o) ternary complex concentrations. In the standard burst assay conditions [14,21] 10 pmol active ribosomes were used in the 
ribosome mix (25/LI). A primer mix (25/~1) was made containing 160 pmol cold Phe, 160 pmol tRNA abe and 150 units of Phe-tRNA 
synthetase, in addition to the other components of the standard factor mix. In the factor mix (50/~1) either tRNA [e" or tRNA4 Le" were 
varied with equimolar amounts of EF-Tu from 0 to 1600 pmol in the presence of [14C]Leu (450 cpm/pmol) and 10 units of Leu-tRNA 
synthetase. All mixes were incubated for 10 min at 37°C, then the ribosome mix was added into the primer mix and poly(Phe) chains 
of 10-15 amino acids per ribosome were allowed to form in 3-5 min. The primers were then added into the factor mix and assayed 
for Leu incorporation i 2 min. The amount of ternary complex in each point was separately determined by cold trichloroacetic a id 
precipitation of the factor mix following 10 min preincubation. (B) Eadie-Hofstee plots of the data in A to determine KM values (from 
the intercepts at the x-axis) for tRNA [e" and tRNA~ c". 
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for rate and accuracy [10,14] was used throughout the work. 
Modifications of the standard burst and error assays [14,21] are 
described in the figure legends. 
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3. RESULTS 
We have  exp lored  the in f luence  o f  tRNA2Leu, 
tRNA~ e" and  tRNA TM on the  k inet ics  o f  Phe  incor -  
porat ion  in to  po lypept ide  by  r ibosomes  coded by  
po ly (U) .  The  noncognate  tRNA species can  be  
ranked accord ing  to  the  er ror  generated  when the  
cognate  species and  noncognate  compet i to r  are at  
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Fig.2. Effects of tRNA L~" (~, ; )  and tRNA~" (o---o) 
ternary complexes on the rate of poly(Phe) synthesis. (A) Phe 
incorporation/s per ribosome (v) is plotted against RNA Lc" or 
tRNA~ ~" ternary complex concentrations in the presence of 
1.3 × 10 -6 M Phe ternary complex. In the standard burst assay 
[14,21], 130 pmol tRNA Ph~ and 300 pmol EF-Tu, 1 mM cold 
Leu and 10 units of Leu-tRNA synthetase were originally 
present in the factor mix. tRNA TM or tRNA~ c", together with 
equimolar amounts of EF-Tu, were varied from 0 to 
1600 pmol. [3H]NAc-Phe-tRNA Phe (180 cpm/pmol) and 
0.3 mM [a+C]Phe (6 cpm/pmol) were used to determine the 
rates of elongation in 7 s. (B) Leu missense rror levels as a 
function of the Leu ternary complex concentrations. The 
experiment was performed as in A. [3H]NAc-Pbe-tRNArh" was 
replaced with [~4C]NAc-Phe-tRNAPh~ (1 cpm/pmol) in the 
ribosome mix and [3H]Leu (1350 cpm/pmol) was included in 
the factor mix. The amount of Phe and Leu ternary complexes 
in each point was determined by measuring the charge levels of 
isoacceptors by cold trichloroacetic acid precipitation of the 
factor mixes in B following 10 min preincubation. Errors were 
calculated as in [14]. 
Fig.3. (A) Effect of tRNA TM ternary complex on the rate of 
poly(Phe) synthesis (v) with 10-7M Phe ternary complex 
(0---~). 4 x 10 -5 M EF-Tu without RNA TM (a).  4 x 10 -5 M 
tRNA TM without EF-Tu (zi). In the burst assay [14,21], 
10 pmol tRNA phc, 300 pmol EF-Tu, 250 pmol EF-Ts, 150 units 
Phe-tRNA synthetase, 10 units of Val-tRNA synthetase and 
1 mM cold Val were present in the factor mix (70/~1). Ribosome 
mix (30/d) contained 5 pmol total (0.6 pmol active) ribosomes. 
tRNA TM,  together with EF-Tu were varied from 0 to 
4100 pmol. The amount of Vai ternary complex present at each 
point was determined by cold trichloroacetic a id precipitation 
of the factor mix replacing cold Val with [3H]Val 
(136 cpm/pmol). Rates were monitored by [3H]NAc-Phe- 
tRNA phe (900 cpm/pmol) and [l+C]Phe (27 cpm/pmol) in 
ribosome mix and in factor mix respectively. (B) Effect of 
tRNA TM ternary complex on the rate of Leu misincorporation 
(v*) in the absence of Phe ternary complex. Leu 
misincorporation was measured on primer poly(Phe) chains of 
10-15 amino acids/ribosome as described in the legend of 
fig. IA. In the presence of 240 pmol tRNA~ c" in the factor mix, 
Val ternary complex was varied and measured as described 
above. 
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equal concentrations (Pe). The Pe values for the 
Leth, Leu2 and Val isoacceptor species are 6 × 
10 --4, 1 × 10 -4 and less than 10 -6, respectively. 
First we measured the Leu incorporation i  the 
absence of the Phe ternary complex in titrations 
with Leu4 and Leu2 ternary complexes (fig.lA). 
Eadie-Hofstee plots of these titrations are shown 
in fig.lB, from which we calculate a KM value of 
2 × 10-SM for tRNA~ eu ternary complex and 
estimate that the KM value for tRNA [eu ternary 
complex must be larger than 10 -4 M. 
The outcome of direct competition for the 
ribosome between tRNA ehe ternary complex, on 
the one hand, and tRNA2 Leu or tRNA~ eu, on the 
other, is shown in fig.2A. A small decrease in the 
poly(Phe) synthesis rate is observed when either 
one of the Leu ternary complexes is titrated to 
about 2 × 10 -5 M. At the same time the Leu errors 
respond linearly with the concentration of the Leu 
ternary complex, as expected (fig.2B). The same 
small decrease in the poly(Phe) synthesis rate can 
be obtained simply by increasing the concentration 
of EF-Tu (fig.3) so this decrease is presumably not 
related to the competition between Phe and Leu 
ternary complexes. 
The effects of the Val ternary complex on the 
poly(Phe) synthesis rate or on the rate of Leu in- 
corporation i  the absence of the Phe ternary com- 
plex are shown in fig.3A and B, respectively. The 
experiment demonstrates that there is no inhibitory 
effect of the Val ternary complex at concentrations 
up to 5 × 10 -4 M either on the rate of Phe (fig.3A) 
or on the rate of Leu (fig.3B) elongation. 
4. DISCUSSION 
Our in vitro study has demonstrated that the 
cognate ternary complex search for open A-sites is 
uninhibited by huge excess concentrations of in- 
correct ones. This shows that the time that 
ribosomes are blocked while they reject or process 
incorrect RNAs is negligible. In accordance with 
this we have found extremely high KM values for 
noncognate ternary complexes. These KM values 
can be ranked according to the missense error 
levels associated with the different RNAs so that 
the lower the error level is the higher is the KM 
value. Our study addresses the question, implicit in 
the study of Gouy and Grantham [3], concerning 
the time ribosomes spend sorting out incorrect 
tRNAs. The data suggest that this time is negligible 
compared to all other times in the elongation cycle. 
It furthermore removes a misconception, intro- 
duced earlier [4-6], that ribosomes are slow 
because they are blocked by incorrect ternary com- 
plexes. 
These conclusions are of course valid only pro- 
vided that our in vitro results can be extrapolated 
to living cells. We think that this is the case and for 
two reasons. First, our in vitro system has missense 
error levels as well as elongation rates approx- 
imating those in vivo for wild type as well as for a 
whole set of ribosomal mutants [8]. Our second 
argument is based on the assertion, extensively cor- 
roborated by experiments [22,23], that bacterial 
populations with impaired translation rates are at 
a severe selective disadvantage in relation to strains 
with optimal ribosomes. This means, put in 
another way, that there is a tremendous selection 
pressure to avoid inhibition of protein synthesis in 
bacterial populations. One strategy to achieve this 
is obviously to design ribosomes in such a way that 
inhibitory effects of incorrect ernary complexes 
on the translation rate are minimized. That it is 
possible to successfully accomplish such strategies 
is indeed proven by the performance of our in vitro 
system and there is no reason to expect E. coli to 
be less efficient han we are. 
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